A parametric study was performed to determine the performance limits of a rotary combustion engine. This study shows how well increasing the combustion rate, insulating and turbocharging increase brake power and decrease fuel consumption.
Several generalizations
can be made from the findings. First, it was shown that the fastest combustion rate is not necessarily the best combustion rate.
Second, several engine insulation schemes were employed for a turbocharged engine. Performance improved only for a highly insulated engine. Finally, the viability of turbocompounding and the influence of exhaust port shape were calculated. Finally, the influence of exhaust port position (timing) on turbocharged engine performance is shown.
Exhaust port area and timing are very important at high engine loads and speeds and may limit maximum output.
METHOD
As described above, this paper presents three stud- where Re is Reynolds number based on the chamber depth and average gas velocity. Average gas velocity is
where v is average gas velocity, T is temperature, P is pressure, V is volume, cl and c2 are constants, subscript/pc denotes a value at the time the intake port closes and subscript non-firing denotes gas pressure in a motored engine at the same crank angle. Constants a, 13, cl and c_ are given in Using this turbocharger model, an engine map for a turbocharged engine was generated and compared to maps for the baseline naturally aspirated engine and the engine with no leakage or crevice flows.
After illustrating turbocharged engine performance, two studies were performed to explore enhanced turbocharging. First, back-pressure was varied while holding intake manifold pressure steady.
Brake power and air flow rate are presented for several intake pressures and a range of back-pressures.
From these data, the viability of adding a compounding turbine can be assessed. Second, exhaust port timing was altered and the changes in output and bsfc were noted.
RESULTS

BASELINE ENGINE
The first results describe the baseline engine and compare it with several idealized engines. Figure 1 is the engine map generated for the baseline naturally aspirated engine. The solid lines show brake power as a function of engine speed at various equivalence ratios. The dashed lines are iso-bsfc lines. As expected, the solid lines tail off at high speeds due to increasing friction losses. Volumetric efficiency ranges from 74.8% at 4000 rpm, equivalence ratio equal to 0.75 to 89.9% at 6000 rpm, equivalence ratio equal to 0.35. Fuel consumption decreases as engine speed decreases due to increased importance of friction and cooling losses. The computer program's leakage and crevice models are subject to the following constraints:
• Leakage area is constant throughout the cycle.
• Crevice volume is constant throughout the cycle.
• Leakage and crevice flows are lumped at apex seals.
• Leakage flow is quasi-steady and 1-D.
• Crevice temperature equals rotor temperature. Note that for the cases in this study, leakage area and crevice volume were estimated based on cold en- vides greater benefit at higher load. Figure 6 shows results similar to those of Figure  5 . Figure 6 
where 0 is crank angle, m! is the mass of fuel introduced per cycle, LHV is fuel lower heating value and subscript epo denotes the exhaust port opening.
Varying the combustion rate influenced not only the chamber pressure profile, but also the heat transferto thewalls,theexhaust gastemperature andto a small extent the seal friction (since underseal pressure is related to chamber pressure). Three types of alterations were made to the combustion rate. For four base cases, the maximum heat release rate, the angle for maximum heat release rate and the combustion initiation angle were varied. In the four cases, the minimum burn time is progressively reduced.
The four base cases are described in Table   3 . Figures 8 and 9 , respectively.
In the first combustion study, the normalized maximum heat release rate was varied for m cases 1 -4 ( Table  3) . Engine output was plotted as functions of in Figure 10 and burn time m in Figure 11 . Burn time is taken as the number of crank angle degrees for 90% of the fuel to burn. These figures demonstrate that the fastest burn is not always the best burn. For example, when the amount of time in the linear portion of the burn profile is long (case 1), engine output is highest when burn time is around 60°. As the time for the linear portion of the burn is reduced, the burn time for maximum output also reduces. Very fast combustion leads to higher chamber pressure and temperature. Therefore, there are greater cooling and leakage losses when burning rate is increased. These losses account for the shape of the curves in Figures  10 and 11 .
Angle for the maximum heat release rate, Ore, was varied in the next study. The results are plotted in Figures 12 and 13 . In Figure 12 , brake power is plotted against _,,, for cases 1, 2 and 3 and in Figure  13 , brake power is plotted against burn time for the same cases. The influence of 8m on performance is not as profound as the influence of the maximum heat release rate. Once again, the fastest burn does not necessarily lead to the highest output.
In the final combustion study, the combustion initiation angle was varied for cases 1, 2 and 3. The results are plotted in Figures 14 and 15 . For Figure  14 , combustion initiation angle is the abscissa and output power is the ordinate. Figure  15 is a plot of the same results against burn time. Again, the shortest burn time is not the best.
The preceding results are valid only if the heat release rate profile resembles the profile in Figure 1 . The results may be invalid, for example, for a twospark-plug rig, since that profile in Figure  1 was formulated for a one-plug rig. The following engines were studied:
(1) baseline engine with aluminum housings and iron rotor.
Housing and rotor thicknesses are 11.25 ram. Aluminum thermal conductivity, k,
is k ---240WK and for iron, k = 54.7 WK. Thermal conductivity is not allowed to vary with temperature.
(2) All components are 10.76 mm of titanium (for Titanium, k = 19.4m-_).
(3) the trochoid housing is insulated coated with two insulating layers: 0.127 mm of Cr_O3 (k --1.21 wK) on top of 0.635 mm of post-densified Zirconia (k = 2.91m-_). The rotor is iron and side housings are aluminum.
(4) Rotor is coated with 0.635 mm of post-densified Zirconia.
(5) Trochoid and side housings are insulated with 0.127 mm of Cr203 and 0.635 mm of postdensified Zirconia and rotor is insulated with 0.635 mm of post-densified Zirconia.
(6) All components are insulated with hypothetical material of near-zero conductivity.
(7) Hypothetical engine with no heat transfer. All engines were turbocharged and ran at 5500 rpm and equivalence ratio equal to 0.75. Other engine geometry and operating conditions are the same as those of the baseline engine. how much fuel energy goes out the exhaust port. As seen in Figure 16 , cooling losses in the rotary engine account for less fuel than in a crank-piston engine.
There are two reasons for this. First, rotary engines are run at higher speeds than crank-piston engines. To end the insulation study, cooling losses for the trochoid housing, rotor and side housings for engines 1 -5 are shown in Figure 17 . The insulation schemes that reduced the cooling load the most are the all-titanium engine (case 2) and the all-insulated engine (case 5). Adding insulation to the sideplates appears unproductive, since there is so little cooling through the sideplates. Changing the shape of the exhaust port was studied as an avenue toward better turbocharger-engine matching for a high-output engine. Figure 18 is a turbocharged engine performance map. The "guts" of the engine are identical to the baseline engine. The turbocharger performance was input from maps provided by John Deere Tech., Inc.
[16]. In the turbocharged engine studies, two sets of turbocharger maps were used: those for the insulation study and turbocharged engine map, and those for the high-power engine exhaust port shape study.
Comparing Figures 18 and 2 Figure 19 shows the resulting power as a function of exhaust manifold pressure.
The curves in Figure  19 all have the same shape.
In an effort to generalize the results of Figure 19 , the output power for each curve was normalized by the power when exhaust and intake manifold pressures are equal.
The normalized power was plotted against normalized exhaust manifold pressure (normalized by intake manifold pressure). Figure 20 shows these resuits. Although it is hard to follow distinct curves in Figure 20 , it is clear that for all the curves, raising the back pressure does not reduce the output power too much until _ is around 0.9. PI ,. To open the port too early results in lost P-V work.
In addition
To leave the port open too long may result in poor turbocharger/engine matching. In another study [17] , it was shown that for an engine similar to that studied in this paper, increasing the exhaust port area without changing timing could substantially decrease bsfc.
Of course, increasing the exhaust port area may not be possible without changing the timings.
In the current study, the angle at which the exhaust port opens, O_.vo, and the angle at which it closes, O_v¢. , were varied. Port area was set equal to 12.09 cm 2. O_v_.varied from 5950 to 6550* and O_v, , varied from 1850 to 225°. A different turbocharger was used in this study because higher power levels were desired. The engine geometry was the same as the baseline engine. Engine speed was 8250 rpm.
In Figure  22 , brake power is plotted against fuel flow rate for 5950 < _-t,_ < 655°' For these cases, $¢vo --=-208.7°. The earlier the port closes, the better.
The influence on brake power is small until _.v_-_ 625°" Figure 23 shows bsfc for the same exhaust port timings. Exhaust port timing can have a large influence on bsfc. to varying 0_p_. Similarities in the dashed and solid lines are due in part to the similar effect the exhaust port length has on turbocharger-engine match. To run this engine at high power levels, it may be necessary to keep the port length at about 3cm (1.2 in) or less for the given port area. Figure 27 is a plot of bsfc v. exhaust port length.
SUMMARY AND DISCUSSION
Following is a short description of how the computer program operated during the simulations and a summary of some of the major points. A parametric study w,ts performed to determine the performance limits of a rotary combustion engine. This study shows how well increasing the combustion rate, insulating and turbocharging increase brake power and decrease fuel consumption.
Several generalizations can be made from the findings. First, it was shown that the fastest combustion rate ix not necessarily the best combustion rate. Second, several engine insulation schemes were employed for a turbocharged engine. Peril)finance improved only for a highly insulated engine. Finally, the viability of turbocompounding and the influence of exhaust port shape were calculated. Rotary engine performance was predicted by an improved zero-dimensional computer model based on a model developed at the Massachusetts Institute of Technology in the 1980s. Independent variables in the study included combustion heat release rate, manifold pressures, wall thermal properties, leakage area and exhaust port geometry. Additions to the computer program since its results were last published include turbocharging, maniflfld modeling and improved friction power loss calculation. The baseline engine for this study is a single rotor 650 cc direct-injection stratified-charge engine with aluminum housings and a stainless steel rotor. Engine maps are provided for lhe baseline and turbocharged versions of the engine.
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